M
ost cardiovascular morbid events in Western society are the result of atherosclerosis. This atherosclerotic process begins in the arterial wall, presumably as a complication of endothelial dysfunction that encourages cellular infiltration into the arterial wall and adhesion on its intimal surface. [1] [2] [3] [4] Although atherosclerosis is typically defined by the presence of plaques that obstruct the lumen of the conduit artery, changes in the walls of both large and small arteries precede plaque formation. 5, 6 Consequently, study of the elastic behavior of these arteries may provide insight into the early functional and structural abnormalities that result in plaque formation and organ system involvement.
Pulse contour analysis using a modified Windkessel model of the circulation provides a convenient, noninvasive technique to assess separately both the large conduit artery and small microcirculatory artery functional behavior. 7 This functional behavior may be influenced both by structural changes and by alterations in the local concentration of vasoactive substances. Previous studies have demonstrated that the small artery elasticity, as defined by the modified Windkessel model, is selectively decreased by inhibition of nitric oxide synthase in healthy volunteers. 8, 9 Furthermore, the small artery elasticity has been shown to be reduced in otherwise healthy individuals at risk for atherosclerosis. 10 -14 During the development of a database using the pulse contour analysis methodology, Ͼ800 subjects were screened in our laboratory at the University of Minnesota over a 7-year period. Most were volunteers who chose to have a measurement performed and some were participants in clinical trials. A history was obtained on each subject at the time of measurement. They were then subsequently interrogated by mail to document cardiovascular events. This initial attempt to quantitate the relationship between arterial elasticity and outcome is the subject of this report.
Methods

Study Subjects
We identified 870 subjects who had undergone radial artery pulse wave analysis at the University of Minnesota between 1993 and 1999 (follow-up time, 1 to 7 years). Each individual was studied on a single occasion. Questionnaires were sent to all identified subjects; a total of 537 questionnaires were returned, of which 118 were from individuals Ͻ 25 years of age and were excluded from the analysis because of the relatively short length of followup. We defined cardiovascular events as family or selfreported myocardial infarction, stroke, death, transient ischemic attacks, angina pectoris, and coronary or peripheral vascular interventional procedures.
Procedures
Arterial elasticity was measured using radial artery pulse wave analysis. Pulse wave analysis was usually performed in duplicate, and average values were reported. The radial artery waveform was obtained with a sensor positioned over the artery and calibrated using an oscillometric method on the opposite arm. Thirty seconds of analog waveforms were digitized at 200 samples/sec, and a beat marking algorithm determined the beginning of systole, peak systole, onset of diastole, and end diastole for all beats in the 30-sec measurement period. An average beat determination was constructed, and a parameter estimating algorithm (Hypertension Diagnostics, Eagan, MN) was applied to define a third-order equation that replicated the diastolic decay and waveform. Small artery and large artery elasticity were then determined based on the modified Windkessel model. 15 The method used was the predecessor to the CR 2000 and DO 2020 instruments (Hypertension Diagnostics), which incorporates a new transducer and similar software with a revised analytical algorithm.
Statistical Methods
Continuous measurements such as vessel elasticity and age were summarized using the mean, standard deviation, median, and range. Counts and percentages were used to represent categorical variables, including the event status and risk factors. The association between age and both C 1 and C 2 was measured by the Pearson correlation coefficient. The two-sample t test and the continuity adjusted 2 test provided the univariate analysis of the event status. Multivariate logistic regression was used to evaluate the probability of an event as a function of large artery elasticity (C 1 ) and small artery elasticity (C 2 ). A separate logistic model was created for C 1 and C 2 . Because age is a known risk factor for the type of events considered in this study, it was included in the model with the elasticity variables. The interaction between age and elasticity was considered whenever either of these two variables was significant. The odds ratio (OR) and its 95% confidence interval was used to estimate the risk of an event associated with these variables. A P value Ͻ .05 was considered to be statistically significant.
Results
Of the 419 individuals (185 men and 234 women) whose questionnaires were analyzed, 168 (41%) reported one or more of the predefined cardiovascular events either before or after their arterial elasticity study. Fig. 1 displays the frequency of events in different age groups, and Table 1 lists the types of events reported. As seen in Table 2 , a higher percentage of subjects who had events had one or more of the recognized cardiovascular risk factors. Both large artery (C 1 ) and small artery (C 2 ) elasticity were significantly lower in those individuals with events than in those without events (Fig. 2) . Similarly, the age of those individuals with events was significantly older than those without events (Fig. 2) . The four major risk factors evaluated also were generally associated with lower values for elasticity (Table 2) .
Both C 1 and C 2 were significantly (P Ͻ .001) inversely correlated with age (C 1 ϭ Ϫ0.488, C 2 ϭ Ϫ0.736). Using a logistic regression model, the probability of an event as a function of age and arterial elasticity was determined. Both C 1 and C 2 were significant inverse univariate predictors of cardiovascular events (P Ͻ .001), and age was a significant direct univariate predictor (P Ͻ .001) ( Table 3 ). The OR for C 2 (2.11 for a 2-unit decrease) was higher than for C 1 (OR ϭ 1.52 for a 5-unit decrease) and for age (OR ϭ 1.38 for a 5-year increase in age) ( Table 3) . After adjusting for age, C 2 remained a significant predictor (P Ͻ .001) with an OR of 1.50 for a 2-unit decrease in C 2 (Table  3) . After age adjustment, C 1 was no longer a significant predictor, with a trend for a paradoxical direct correlation with events (P ϭ .127). When all three variables were considered simultaneously in a logistic regression model, a 2-unit decrease in C 2 displayed the highest OR (1.79), and a 5-unit decrease in C 1 became significantly paradoxically related to events (OR 0.58).
Discussion
Detection of early vascular disease should be a far more sensitive and specific marker for the risk of cardiovascular morbid events than the associated risk factors that currently serve as guides for preventive measures. 16 Small artery elasticity contributes importantly to the oscillations or reflected waves that distort the arterial pulse wave. 15 Changes in small artery elasticity may be due to functional or structural alterations that are closely linked to endothelial dysfunction. [1] [2] [3] [4] Pulse wave analysis using a modified Windkessel model provides an independent assessment of large artery, or capacitive, compliance (elasticity) (C 1 ) and small artery, or oscillatory, compliance (elasticity) (C 2 ). 15 We have previously identified a selective decrease in the C 2 in subjects who smoke, have diabetes or hypertension, or who have coronary artery disease. 10 -14 These conditions are known to produce structural vascular changes that are associated with endothelial dysfunction. Recent studies have demonstrated that inhibition of endothelial nitric oxide release by N -nitro-L-arginine methyl ester exerts a selective decrease in C 2 indicative of a functional reduction in small artery elasticity. 8, 9 The present study represents the first attempt to relate a .001 NS NS C 1 ϭ large artery elasticity; C 2 ϭ small artery elasticity; NS ϭ not significant. * Negative risk factor includes "No" and "Don't know."
FIG. 2.
Subjects who sustained a cardiovascular event (E) were older and had lower small artery elasticity (C 2 ) and large artery elasticity (C 1 ) than those who did not sustain an event (N). *P Ͻ .001.
reduced C 2 to the occurrence of morbid cardiovascular events. The patient population was not randomly selected but instead represents individuals who had their arterial pulse wave analysis performed in our center over a 7-year period. Events occurring either before or after the measurement of arterial elasticity were identified by a questionnaire sent to 870 subjects. Responses were received from 62%, and this selected group represents the study population.
Reduction of elasticity of not only the small arteries but also the large arteries were significant univariate predictors of morbid events. A 2-unit reduction in C 2 was associated with an OR of 2.11 for a morbid event and a 5-unit decrease in C 1 with an OR of 1.52. Arterial elasticity also was significantly inversely correlated with age; and age was, as expected, associated with events with an OR of 1.38 for a 5-year age increase. Multivariate analysis eliminated the independent contributions of age and reduced large artery elasticity but retained a highly significant influence of a low small artery elasticity on the occurrence of cardiovascular events (OR 1.5). The close association between age and C 1 , and the apparent absence on multivariate analysis of their independent relationship to morbid events, suggests that C 1 might serve as a marker for vascular aging that accounts for the influence of age on morbid events. Indeed, Resnick et al 17 have reported that intracellular free magnesium levels are closely inversely correlated with magnetic resonance imaging determined aortic distensibility, and that these magnetic resonance imaging measurements are closely correlated with large artery elasticity (C 1 ). 18 Thus, physiologic changes in the aorta and conduit arteries might serve as a guide to vascular rather than chronological age.
The sensitivity and specificity of a reduction of 2 units in C 2 was determined by the area under the receiver operating characteristic (ROC) curve. The area was 0.768 for C 2 alone and 0.784 for C 2 plus age. Therefore, age adds only modestly to the predictive value of a reduced small artery elasticity.
Traditional risk factors including high blood pressure, diabetes, high cholesterol, and family history of cardiovascular events were identified by subjects' self-reporting. Despite the nonrigorous nature of this classification, most of these risk factors were associated with reduction in arterial elasticity. An attempt to identify whether C 2 provides more sensitivity and specificity than the risk factors would require a larger population and a more rigorous assessment of risk factors. Nonetheless, the C 2 measurement provides a direct assessment of blood vessel health, whereas the risk factors can at best be surrogate markers for blood vessel disease.
Events occurring in individuals before and after the arterial elasticity measurement were pooled for this analysis to gain statistical power. Therefore, the demonstrated association with events may not, by strict definition, be interpreted as predictive of events. Nonetheless, there is no reason to suspect that a prior event in an otherwise stable individual should have altered arterial elasticity. Rather, the reduced elasticity identifies an individual with advancing vascular disease who is more likely to have had an event or to have one in the future. A larger prospective and better-controlled trial is needed to document the sensitivity and specificity of small artery elasticity in predicting subsequent events. Such a trial (the Multi-Ethnic Study of Atherosclerosis [MESA] , sponsored by the Heart, Lung, and Blood Institute) is now in progress.
In summary, this preliminary retrospective analysis provides support for the usefulness of pulse wave analysis and the modified Windkessel model in identifying individuals at risk for atherosclerotic events. OR ϭ odds ratio; CI ϭ confidence interval; other abbreviations as in Table 2 .
